We investigated the eŠects of iprodione and ‰udiox-onil on the pathogenic yeast Candida albicans. Growth of the wild-type IFO1385 strain of C. albicans was inhibited by both fungicides, while Saccharomyces cerevisiae was basically unaŠected by them even at a concentration of 25 mg W ml. Both fungicides stimulated glycerol synthesis in C. albicans but not in S. cerevisiae. The antioxidant a-tocopherol acetate and the cytochrome P-450 inhibitor piperonyl butoxide antagonized the fungitoxicity of iprodione and ‰udioxonil in C. albicans. It is known that mutations within the histidine kinase NIK1 W OS-1 gene confer resistance to iprodione and ‰udioxonil in Neurospora crassa, while the fungicide-insensitive S. cerevisiae has only one histidine kinase SLN1 gene in its genome. In contrast, C. albicans has three histidine kinase genes, namely CaSLN1, CaNIK1 W COS1, and CaHK1, the null mutants of which were found to impair the hyphal formation. Iprodione and ‰udioxonil were found to suppressˆlamentation when the IFO1385 strain was incubated on a solid medium containing fetal bovine serum. These observations suggest that iprodione and ‰udiox-onil interfere with the CaNIK1 W COS1 signal transduction pathway, resulting in glycerol synthesis stimulation and the inhibition of hyphal formation.
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Key words: iprodione; ‰udioxonil; osmotic stress; two-component signal transduction; histidine kinase Two-component systems composed of a sensor histidine kinase and a response regulator are frequently found in bacteria. [1] [2] [3] Histidine kinases similar to bacterial two-component systems are also found in fungi and plants. [4] [5] [6] A typical histidine kinase contains an N-terminal input domain and a Cterminal transmitter domain with an invariant histidine residue. A response regulator contains an N-terminal receiver domain with an invariant aspartic acid residue and a C-terminal output domain. Phosphotransfer from the histidine kinase to the response regulator activates the response regulator and generates the output response of the signaling pathway. In Saccharomyces cerevisiae, there is only one histidine kinase gene (SLN1) in the genome.
6) The protein Sln1p has a hybrid kinase which has an extracellular sensor domain, a cytoplasmic histidine kinase catalytic domain, and an aspartate relay domain. 7) The phosphate moiety of this histidine isˆrst transferred to a certain aspartic acid within the receiver domain and then via a phosphorelay to the downstream proteins Ypd1p and Ssk1p, which shut oŠ the HOG1 MAP kinase cascade. 4, [7] [8] [9] Under high osmolarity conditions, the autokinase activity of Sln1p is turned oŠ, which activates the Hog1p MAP kinase and transcribes a family of osmoresponse genes such as glycerol phosphate dehydrogenase (GPD1) and catalase (CTT1). The SLN1 gene is essential to growth at low osmolarity, because its null mutants are lethal.
7)
Candida albicans is a pathogenic yeast of great clinical interest. Dimorphism is thought to contribute to the virulence of C. albicans; [10] [11] [12] the ability to switch between the yeast-like and hyphal form of growth is suspected of playing a role in virulence. This switch is induced by many diŠerent environmental factors including high temperatures, neutral pH, and serum. Recently, three kinds of histidine kinase gene, namely CaSLN1, CaNIK1 W COS1, and CaHK1, have been cloned from C. albicans. [13] [14] [15] [16] CaSLN1 functionally complements a sln1D mutation of S. cerevisiae, although a disruption of CaSLN1 in C. albicans is not lethal. 17) CaNIK1 W COS1 is the C. albicans homolog of the Neurospora crassa NIK1 W OS-1 gene which has been shown to be essential to osmotolerance. The deletion of either CaSLN1 or CaNIK1 W COS1 only slightly aŠects the tolerance to osmotic stress, while double disruptant mutants are impossible, probably due to their lethality. 17) The dis- ruption of any one of these three histidine kinase genes impairs the hyphal formation and attenuates the virulence of C. albicans.
17-19)
The dicarboximide fungicides, such as iprodione ( Fig. 1) and procymidone, are used to control Botrytis cinerea, which is pathogenic to vegetables, vines, and ‰ower crops. 20, 21) Dicarboximide-resistant mutants can be obtained easily in the laboratory, and eld resistance has been reported as well. [22] [23] [24] The cross-resistance to phenylpyrroles, such as ‰udiox-onil 25) (Fig. 1 ) and fenpiclonil, 26) has commonly been observed, speciˆcally in laboratory dicarboximideresistant strains. 27) Such resistant mutants often show abnormal osmotic sensitivity. In N. crassa, osmoticsensitive mutants, nik1 W os-1, os-2, os-4, and os-5, are resistant to dicarboximides and phenylpyrroles. [28] [29] [30] When grown in a medium having a low water potential, the wild-type strain accumulates substantial quantities of glycerol, but the total amount of glycerol recovered from os mutant mycelium is less than that recovered from the wild type. 31) Dicarboximides, aromatic hydrocarbons, and phenylpyrroles are known to stimulate glycerol synthesis in the wild-type strain. 28, 32) However, glycerol synthesis is not induced by fungicides in highly resistant os mutants. 28, 29) The NIK1 W OS-1 gene of N. crassa encodes a predictive histidine kinase that was predicted to be the osmosensor in an osmotic response signal transduction cascade, in much the same way as the HOG pathway in yeast. 33, 34) The components of MAP kinase cascades in this pathway are encoded by other osmotic loci such as os-2 and os-5.
35) Recently, we characterized those mutations in the histidine kinase nik1 W os-1 gene that confer fungicide resistance and osmotic sensitivity. 36) In the N terminal input domain of histidine kinase, NIK1p W OS1p has six repeats of about 90 amino acids at the N-terminal domain, the function of which is unknown. 33, 34) The nik1 W os-1 mutant alleles with single amino-acid substitutions on the six tandem repeats of NIK1p W OS1p show a much higher sensitivity to osmotic stress than the nik1 W os-1 null mutants. 36, 37) On the other hand, null mutants are highly resistant to iprodione and ‰udiox-onil, suggesting that NIK1p W OS1p is probably essential to enabling the two types of fungicides to express their fungicidal toxicity. In this work, we investigated the sensitivity of C. albicans to iprodione and ‰udioxonil and found that both fungicides induced glycerol synthesis and inhibited hyphal formation.
Materials and Methods
Strains, culture conditions, and antifungal assays. We used C. albicans strains IFO1385 (wild-type) and IFO1006 (ser, ura3, lys1, and arg4), as well as S. cerevisiae strain W303-1A ( MATa, ade2, leu2, ura3, his3, trp1, can1). The disruptant mutants of each histidine kinase gene, strain CAI4-S (casln1D:: hisG W casln1D::hisG-URA3-hisG ), strain CAI4-N (canik1D::hisG W canik1D::hisG-URA3-hisG ), and strain CAI4-H (cahk1D::hisG W cahkD::hisG-URA3-hisG ), were strains previously isolated from CAI4 (ura3D::imm434 W ura3D::imm434) as a parental strain. 17) Yeast strains were grown at 289 C in a YPD medium (1z yeast extract, 2z peptone, and 2z glucose) with the appropriate auxotrophic requirements. For fungicide sensitivity assays, growth in a liquid medium containing fungicides was estimated by the absorbance at 660 nm. To investigate the antagonistic eŠects of a-tocopherol acetate (or piperonyl butoxide) on the fungicide activity, a concentration of 1×10 6 cells W ml was cultured in a YPD medium containing a-tocopherol acetate (or piperonyl butoxide) at a concentration of 1 mg W ml. To check the behavior of C. albicans with respect to the dimorphic transition, the cells were inoculated and grown for 5 days in a YPD medium, and precultured cells were further incubated in distilled water for 7 h at 289 C. Then the starved cells were inoculated on a 2z agar plate containing 10z vol W vol bovine fetal serum for 4 days or 7 days at 289 C. The hyphal formation was observed under light microscopy. Iprodione and ‰udioxonil were purchased from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan). The fungicides were stored in the dark at a concentration of 100 mg W ml in dimethylsulfoxide at 49 C.
Glycerol accumulation. To measure the glycerol content of the cells, the strains of C. albicans and S. cerevisiae were cultured in a YPD medium at 289 C for 2 days, and then the cell suspensions were incubated in fresh YPD medium with fungicides or 6z NaCl for 5 h at 289 C. After incubation, the cells were collected by centrifugation, washed twice with distilled water, and then extracted at 809 C for 5 min. After centrifugation at 15,000 rpm, the glycerol concentration in the supernatant was measured by the UV-glycerol assay procedure (R-Biopharm GmbH) described previously.
28) The same samples were dried for 24 h at 859 C to measure their dry weight (dwt).
Results and Discussion
Sensitivity of C. albicans to iprodione and ‰udiox-onil The IFO1385 strain of C. albicans was grown in a YPD medium containing iprodione (circles) or ‰udioxonil (triangles) at concentrations of 25 mg W ml (black), 6.1 mg W ml (gray) and 1.6 mg W ml (white). The untreatment control for each strain is indicated by the white boxes. (A) Amount of glycerol produced by the IFO1385 strain of C. albicans was measured for cells grown for 5 h in a YPD medium supplemented with iprodione (25, 6.1, and 1.6 mg W ml), ‰udioxonil (25, 6.1, and 1.6 mg W ml), and 3z NaCl. (B) Amount of glycerol produced by the W303-1A strain of S. cerevisiae was measured for cells grown for 5 h in a YPD medium supplemented with iprodione (25 mg W ml), ‰udioxonil (25 mg W ml), and 6z NaCl. The data represent the mean values obtained from three independent experiments. The error bars indicate the standard deviations.
The IFO1385 strain of C. albicans proved to be sensitive to iprodione and ‰udioxonil (Figs. 2(A),  2(B) ). Fludioxonil inhibited the growth of the IFO1385 strain even at a concentration of 1.6 mg W ml, but iprodione only slightly inhibited the growth at this concentration. The growth of the IFO1385 strain was almost totally inhibited for 12 h by treatment with a 25 mg W ml concentration of the fungicides. However, cell growth was observed after further incubation, suggesting that the antifungal activity of both fungicides was rather fungistatic than fungicidal. Similar results were observed with a solid YPD medium. Both iprodione and ‰udioxonil inhibited colony formation for 2 days, but delayed colonies appeared after 3 days of incubation even at a concentration of 25 mg W ml.
EŠects of fungicides on glycerol synthesis in C. albicans
Iprodione and ‰udioxonil interfere with osmotic signal transduction and induce glycerol synthesis in N. crassa. 28, 29, 32) Thus, we estimated the glycerol contents of the cells of C. albicans that were treated by iprodione and ‰udioxonil. The IFO1385 strain accumulated a remarkable amount of glycerol as a result of treatment by both fungicides, while the untreated cells were found to contain a small amount of glycerol ( Fig. 3(A) ). The induction of glycerol A 1×10 6 cells W ml concentration of the IFO1385 strain of C. albicans was cultured in a YPD medium containing both fungicides (25 mg W ml of iprodione or ‰udioxonil) and 1 mg W ml of atocopherol acetate or piperonyl butoxide for 24 h. synthesis was observed through treatment with iprodione and ‰udioxonil even at a concentration of 1.6 mg W ml, and corresponded well to the sensitivity to these fungicides. Glycerol synthesis was also stimulated in the medium containing 3z NaCl. This data suggests that iprodione and ‰udioxonil interfere with the osmotic signal transduction pathway, resulting in the stimulation of glycerol biosynthesis in C. albicans, as shown in N. crassa. Neither fungicide inhibited the growth of the W303-1A strain of S. cerevisiae nor stimulated glycerol synthesis in the yeast even at a concentration of 25 mg W ml (Fig. 3(B) ).
Antagonistic eŠects of a-tocopherol acetate and piperonyl butoxide on fungicidal activity of iprodione and ‰udioxonil in C. albicans
To clarify whether the action mechanism of these fungicides on C. albicans is similar to that on N. crassa, we investigated the eŠects of a-tocopherol acetate and piperonyl butoxide on the fungicidal activity. It is known that the antifungal activity of dicarboximides and phenylpyrroles in B. cinerea is reduced by a mixed function oxidase inhibitor, piperonyl butoxide, and radical scavenger, a-tocopherol acetate. 20, 27) A similar phenomenon was observed with the wild-type strain of N. crassa (unpublished result). The growth inhibition of iprodione and ‰udioxonil on the IFO1385 strain was almost completely eliminated by piperonyl butoxide, and partially by a-tocopherol acetate (Fig. 4) . This data suggests that similar antifungal mechanisms are at work in both C. albicans and N. crassa. The antagonistic eŠects of these fungicides implies the involvement of free radicals and lipid peroxidation as the mode of action of iprodione and ‰udioxonil. However, recent studies indicate that lipid peroxidation is not a primary mode of action of dicarboximides against Ustilago maydis.
38)
Inhibition of hyphal formation by iprodione and ‰udioxonil in C. albicans Yamada-Okabe et al. 17) and SelitrennikoŠ et al. 19) reported that hyphal formation is signiˆcantly reduced in the gene disruptants canik1 W cos1D, and their virulence is reduced signiˆcantly in a systemic murine model of candidosis. This prompted us to examine the eŠects of these fungicides on hyphal formation. Serum was found to be the most eŠective inducer of hyphal growth in the IFO1385 strain. When this strain was incubated on agar containing 10z vol W vol fetal bovine serum, most colonies (more than 85z) of C. albicans formed hyphae. Although both iprodione and ‰udioxonil delayed the growth of C. albicans, colony formation was observed after 3 days incubation. However, fungicide treatment caused severe defects in hyphal formation on the agar containing serum (Fig. 5) . The hypha-forming ability was almost entirely repressed by treatment with iprodione at 25 mg W ml even after 7 days of incubation. Fludioxonil (25 mg W ml) also inhibited hyphal formation, while approximately 20z of the colonies produced hyphae during the 7 days of cultivation. This data The CAI4 parental strain, casln1D, canik1 W cos1D, and cahk1D null mutant strains were grown on a YPD agar medium containing 25 mg W ml of iprodione or ‰udioxonil for 24 h. The amount of glycerol produced by the CAI4 parental strain, and casln1D, canik1 W cos1D, and cahk1D null mutant strains was measured for cells grown for 5 h in a YPD medium supplemented with iprodione (6.1 mg W ml, hatched bars), ‰udioxonil (6.1 mg W ml, dark bars), or 3z NaCl (white bars). The control is indicated by the black bars. The plotted data represent the mean values of the results obtained from three independent experiments. The error bars indicate the standard deviations.
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EŠects of Iprodione and Fludioxonil in C. albicans suggests that interference with the CaNIK1 W COS1 signal transduction pathway by these fungicides results in a defect in hyphal formation.
EŠects of fungicides on histidine kinase genedisrupted mutants of C‚ albicans
The mutations of the histidine kinase NIK1 W OS-1 gene have been found to confer resistance to iprodione and ‰udioxonil in N. crassa. 36, 37) Thus, we examined the sensitivity to fungicides in three types of histidine kinase disruptants and their parental CAI4 strain of C. albicans (Fig. 6) . Although the IFO1385 strain and another IFO1006 strain showed sensitivity to fungicides, the parental CAI4 strain which was used to construct the histidine kinase gene disruptants was insensitive to both iprodione and ‰udioxonil even at 25 mg W ml (Fig. 6) . The reason for the diŠerent sensitivity between the IFO1385 and CAI4 strains remains unknown but it is generally accepted that the sensitivity of C. albicans isolates varies with their origin. Recently, Schoonbeek et al. reported the ABC transporter aŠects sensitivity to phenylpyrroles, although the contribution of the ABC transporter in C. albicans is not known.
39) The canik1 W cos1D and cahk1D disruptants were also found to be insensitive to both fungicides, even at a concentration of 25 mg W ml. Thus, we could not conclude that the disruption of the CaNIK1 W COS gene conferred resistance to fungicides. However, diŠer-ent sensitivities to fungicides were observed with the casln1D strain. The growth of casln1D was almost completely inhibited by iprodione and ‰udioxonil at 25 mg W ml (Fig. 6) , although a concentration of 6.1 mg W ml had no eŠect. The increased sensitivity of the casln1D strain to fungicides might indicate that the signal transduction of CaNIK1 W COS interacts with that of CaSLN1. The disruption of the SLN1 gene in S. cerevisiae is lethal, 7) but each of the CaSLN1, CaNIK1 W COS1, and CaHK disruptants is not lethal. However, the double disruption of CaNIK1 W COS and CaSLN1 in C. albicans is impossible, probably due to their lethality. 17) In spite of the growth insensitivity of the CIA4 strain to fungicides, these strains do respond to fungicides. Glycerol accumulation induced by both fungicides was observed in the CAI4 strain and also in the casln1D, and cahk1D strains, even at 6.1 mg W ml, though the canik1 W cos1D strain did not accumulate glycerol upon treatment of fungicides (Fig. 7) . In the nik1 W os-1 mutant strains of N. crassa, fungicide resistance was correlated well with reduced glycerol accumulation. 29) In the CAI4 strain, abnormal glycerol accumulation, as caused by being exposed to fungicides, was not directly linked to the fungitoxicity of iprodione and ‰udioxonil. Similar results are observed in N. crassa. The fungicide-resistant os mutants, such as os-1, os-2, os-4, and os-5, did not accumulate glycerol after treatment with fungicides, however, the cut mutant strain of N. crassa, which is deˆcient in glycerol synthesis, remains sensitive to dicarboximides and phenylpyrroles. 28) In addition, the fungicide-resistant CIA4 strain responded to both fungicides not only in glycerol synthesis but also in hyphal formation. The treatment with iprodione and ‰udioxonil caused severe defects in hyphal formation of the CAI4 strain on the serum agar, as observed in the fungicide-sensitive IFO1385 strain. These data indicate that inhibition of hyphal formation by fungicides in C. albicans is not due to a secondary eŠect derived from growth inhibition. These results suggest that both fungicides interfere with the osmotic signal transduction pathway, resulting in the stimulation of glycerol biosynthesis and a defect of hyphal formation, but that increased glycerol content is not directly linked with the fungal toxicity of dicarboximides and phenylpyrroles.
Several histidine kinase genes have been cloned in eukaryotes, although two-component histidine kinases have not been found in mammalian systems. Some have been shown to be involved in osmosensing, development, and plant hormone responses. 7, 33, [40] [41] [42] [43] [44] Recently, the ATHK1 gene of Arabidopsis thaliana was found to encode SLN1p like histidine kinase, and functionally complements the sln1 mutant of S. cerevisiae. 42) According to the Neurospora genome project,ˆlamentous fungi have several histidine kinase genes, including the SLN1 homologue gene. These observations further suggest that the SLN1 gene family is widespread and acts as an osmosensor. On the other hand, the NIK1 W OS-1 gene family is found only inˆlamentous fungi such as N. crassa, 33, 34) Botrytis cinerea, 45) Magnaporthe grisea, and C. albicans. 13, 15, 16) This implies that these histidine kinases may represent a novel target for the development of antifungal drugs.
